In mammals, most new mutations occur in males. But a study of the evolution of a human X to Y chromosomal translocation has revealed a sex bias much lower than previous estimates. Patterns of substitution suggest that differential methylation between male and female germ lines is a key determinant of the mutation rate. Men can be blamed for many things, not least of which is mutation. Since Haldane first showed that the rate of mutation to haemophilia is about ten times higher in males than females [1], evidence from a variety of loci has confirmed that many spontaneous point mutations show a strongly male-biased sex ratio [2] . This observation has been interpreted as evidence that errors during DNA replication are the primary source of germ-line mutations, because spermatogonia divide throughout the life of a male, whereas oogenesis in females is largely complete by birth.
Men can be blamed for many things, not least of which is mutation. Since Haldane first showed that the rate of mutation to haemophilia is about ten times higher in males than females [1] , evidence from a variety of loci has confirmed that many spontaneous point mutations show a strongly male-biased sex ratio [2] . This observation has been interpreted as evidence that errors during DNA replication are the primary source of germ-line mutations, because spermatogonia divide throughout the life of a male, whereas oogenesis in females is largely complete by birth.
Two further lines of evidence have supported this idea. First, for several, but by no means all, genetic diseases the risk of disease increases with paternal but not maternal age [2] . The last piece of evidence comes from molecular evolution. Miyata et al. [3] was the first to suggest that the sex ratio of mutation rates can be estimated by comparing the rate of evolution on the sex chromosomes and autosomes, as the X chromosome spends only a third of the time in males, whereas autosomes spend equal time in both sexes and the Y chromosome is completely restricted to males. If mutations are neutral, as is supposed for 'silent' mutations which have no effect on the encoded protein sequence, the rate of evolution is just the same as the rate of mutation. To date, studies of paralogous gene evolution on primate X and Y chromosomes have indicated that the mutation rate in males is four to six times greater than that in females. This figure is slightly lower than the ratio of the number of germ-cell divisions in males and females, which is estimated to be at least eight [2] .
There are, however, important problems associated with the analysis of paralogous genes; the sample size is low, synonymous mutations may be under some constraint, and different chromosomal regions may have different mutation rates. In order to overcome these problems, Bohossian and colleagues [4] decided to study patterns of evolution in a 4 megabase translocation from the X to the Y chromosome, which occurred in the human lineage soon after the split with chimpanzees. By sequencing a 38.6 kilobase gene-free region from the human Y chromosome, and from the X chromosomes of humans, chimps and gorillas, they were able to simply count the number of mutations which have occurred on the X and the Y chromosomes since the translocation event.
Their findings differ dramatically from the previous studies. Out of 413 differences between the X and Y copies for which they could determine the direction of the mutation, 42% have occurred on the X chromosome, which predicts that the mutation rate in males is only 1.7 times that in females, with a 95% confidence interval of 1.2-2.5. Compared with a pooled estimate of 5.1, with a confidence interval 3.2-8.8, from previous data [4] , the new study clearly suggests that the male bias to mutation is not nearly as high as previous estimates.
How can the differences between studies be reconciled? Given that the confidence intervals do not overlap it seems unlikely that the difference is due to chance alone. There are four other possibilities. First, previous molecular evolutionary estimates of the male bias to mutation used more divergent primate species. It is therefore possible that the male bias may be much lower in hominids than in other primates. But humans tend to reproduce later than other primates, so we would actually expect a greater excess of male germ-cell divisions. Another possibility is that the genes used in previous studies happen to lie in chromosomal regions of high or low mutation [5] . This too seems unlikely, as Zfy, Amely and Smcy are not in physical proximity (nor are their X-linked paralogues), yet provide fairly consistent estimates of the male mutation bias. Lower selective constraint for silent mutations in Ylinked versus X-linked genes would also give an inflated estimate of the male bias in mutation, but there is little evidence for widespread constraints on synonymous mutations in mammals [2] .
The final possibility is that genes and non-coding DNA are subject to different mutational regimes, and that these mutational regimes are differentially influenced by sex or factors inherent to the sex chromosomes. For example, it has been suggested that genes on the X chromosome have a reduced mutation rate relative to the Y chromosome and autosomes in order to protect X-linked genes in hemizygous males from deleterious recessive mutations [6] . But evidence that it is really sex, rather than chromosomal location, which is the major influence on mutation rate comes from the finding of higher rates of substitution for genes on the Z compared to the W chromosome of birds [7, 8] . In birds, males are ZZ and females are ZW, and the W, like the mammalian Y, has very few genes. If protection against deleterious recessive mutations selects for a reduced mutation rate in gene-rich, hemizygous chromosomes, we would expect the Z, like the X in mammals, to show a lower rate of mutation, the opposite of what is observed.
In contrast, there is considerable evidence that different types of mutation occur with different relative frequencies in human males and females. For example, of the mutations in the factor IX gene that cause haemophilia B, transversion point mutations have a male bias of 1.6, whereas transitions at CpG dinucleotides, associated with methylation, have a male bias of 11 [9] . This raises the possibility that the difference between coding and noncoding regions may simply be due to the relative frequency of mutations associated with methylation, because genes tend to be relatively rich in CpG dinucleotides. To look at this further I have carried out a brief analysis of the data from the current and previous studies [4] .
It turns out that the translocation has a very reduced CpG content (only 20% of the expected value) on both the X and Y. CpG dinucleotides in which the C occurs at the third codon position are even more under-represented in Y-linked genes (an average of 14% of the expected number), but are considerably more abundant for the Xlinked paralogues (31% of that expected). The most striking observation is that the Zfx intron shows no depletion of CpG residues (110% of the expected value), whereas the Zfy intron has only 23% of those expected. Furthermore, from the data in the new study [4] , a total of 12 substitutions on the X chromosome show a pattern indicative of mutation at methylated C residues in CpG dinucleotides, whereas for the translocated Y chromosome sequence, the figure is 36. The resulting X/Y ratio of 1/3 predicts that all mutations at CpG dinucleotides occur in males. Taken together, these data indicate there are sex differences in the level of methylation or DNA repair. Different estimates of the male mutation bias may therefore simply reflect different proportions of substitutions caused by methylation-induced mutation.
Heterogeneity in the sex ratio between different types of mutation is hard to reconcile with a model in which errors during DNA replication are the primary source of mutation. Similarly, the lack of concordance between the sex ratio of mutations estimated in the new study [4] , and the sex ratio of germ-cell divisions in humans, indicates that we must look for differences between the sexes in the level of germ-line DNA repair, or exposure to mutagens (such as methylation), in order to explain the male bias to mutation. Interestingly, a recent analysis of two X-linked genes in humans could not find any difference between males and females in the level of methylation in mature germ cells [10] . So either there are sex differences in the level of germ-cell DNA repair, or mutations are occurring earlier. A study of mutations occurring during specific locus tests in mice has identified the perigametic interval -between the last premeiotic mitosis and the first postmeiotic one -as having a particularly high mutation rate [11] . Perhaps sex differences in the level of methylation during this period of gametogenesis may be responsible for the male bias to mutation [11] .
Ever since the work of Haldane, male-biased mutation patterns have consistently been attributed to germ-line replication, yet for Haldane it was actually only one of two possible explanations for an excess of mutations in males [1] . His alternative was that the pachytene stage in which human oocytes pass most of their time may be relatively invulnerable to radiation and other mutagenic influences, but he concluded that "It is difficult to see how this could be proved or disproved for years to come". Half a century later, perhaps the time has come.
